T cells are involved in both recovery and immunopathology in WNV infection.
WNV is a member of the Japanese encephalitis virus antigenic group within the family Flaviviridae, which can cause fatal encephalitis associated with damage to the CNS in humans and animals. Initially isolated in 1937, it is now recognized as one of the most widely distributed flaviviruses (11, 24) , endemic in Africa, the Middle East, and parts of Asia and Europe. Since 1999, the virus has been recognized in North America by causing an epizootic among birds and horses and an epidemic of meningitis and encephalitis in humans (46) . Surveillance of avian mortality showed geographic spread of WNV to the United States as well as to southeastern Canada (5) . WNV causes a high frequency of inapparent infection in humans but may also cause fatal encephalitis in the elderly and children (47) . There is no available therapy or prophylactic vaccine for WNV infection.
WNV infection has been studied in several animal models, including chickens, geese, rat, mice, hamsters, and monkeys (4, 9, 17, 31, 41, 48) . However, the pathophysiology of invasiveness of WNV into the CNS, the mechanism of neurodegeneration, and the immune response after infection are still poorly understood. Mice provide a suitable animal model for flaviviral encephalitis in humans, as WNV-infected mice exhibited similar symptoms to those of humans in natural epidemics (13) .
Humoral immunity plays an important role in flavivirus infections (43) . The antibody response is predominantly directed against the E protein of flaviviruses and contributes to protection and recovery from disease (3, 7, 29) . Mice immunized with the E protein of WNV are protected from infection with WNV, and passive transfer of E protein antisera provided protection against WNV infection in mice (14, 55) . B-celldeficient mice are highly susceptible to WNV infection, with high viral titers in the CNS, and the mice can be protected by passive transfer of WNV immune sera (14) .
The precise role of T-cell immunity in WNV infection is still not fully understood (44) . The CD8
ϩ Tc cell response is essential for recovery from many primary viral infections (6, 49, 61, 64) . As for encephalitic flaviviruses, potent Tc cell responses in the spleen are observed after peripheral infections (15, 23, 25, 37) , with unusually extensive cross-reactivities on target cells infected with a wide spectrum of heterologous flaviviruses (15, 23, 26, 50) . Virus-immune CD8 ϩ T cells with cytolytic activity in vitro have been isolated from brains of WNV-infected mice (34) . This finding, together with the observation that flavivirus infection of mammalian cells leads to an increase in cell surface expression of MHC class I, the recognition elements for CD8
ϩ Tc cells, led to speculations as to possible host-pathogen strategies involving flavivirus-induced Tc cells and associated immunopathologies (22, 38, 39, 44) .
In the present study, we investigated the role of CD8 ϩ T cells in recovery and immunopathological processes of WNV encephalitis.
10% neutral buffered formalin fixative at room temperature overnight and embedded in paraffin. For IHC, specimens of brains and spleens were placed into OCT compound (Sakura Finetek, Inc., Torrance, Calif.) and snap-frozen in liquid nitrogen.
Depletion of CD8 ؉ T cells. CD8 ϩ T cells in B6 mice were depleted by intraperitoneal injection with 0.5 mg of rat anti-mouse Ly-2 MAb (53-6.7, IgG 2a ) in 500 l, using a protocol described elsewhere (57) with modifications. Briefly, MAb was injected 3, 2, and 1 day before and 7 days after virus infection. Efficiency of depletion was assessed by FACS analysis using fluorescein isothiocyanate-conjugated anti-mouse Ly-3.2 MAb (53-5.8, IgG 1 ; Pharmingen, San Diego, Calif.). The extent of depletion was found to be Ͼ98% and lasted for the entire experimental period (up to 21 days p.i.).
Virus titration. Brain, serum, and other tissues (retroperitoneal lymph nodes, thymus, muscle, cardiac muscle, salivary gland, lung, liver, spleen, pancreas, kidney, uterus, ovary, and testis) were homogenized in HBSS-BSA (10% [wt/ vol]) as a diluent. Serial 10-fold dilutions were inoculated onto Vero cell monolayers grown in six-well plastic plates (tissue culture grade; ICN Biomedicals, Inc., Aurora, Ohio). After 1 h of virus adsorption, monolayers were overlaid with 1% Bacto-Agar (Difco Laboratories, Detroit, Mich.) in MEM with 3% FCS. After 3 days at 37°C in a 5% CO 2 atmosphere, monolayers were stained with 0.02% neutral red in HBSS for 16 h and fixed with 5% formaldehyde. The plaques were counted, and the virus titers were expressed as PFU per gram of tissue or PFU per milliliter of serum, as appropriate.
Histology and IHC. Midsagittal plane-bisected brains and spinal cords were fixed in 10% neutral buffered formalin and embedded in paraffin. For examination of cell morphology and myelin, 6-m sections were stained with hematoxylin-eosin and LFB.
IHC staining was performed as described elsewhere (56, 57) . Briefly, 5-mdiameter frozen serial sagittal or coronal sections were cut with a cryostat and immediately placed on poly-L-lysine-precoated slides (Sigma, St. Louis, Mo.). After air drying for 24 h, cryostat sections were fixed in cold Zamboni's fixative solution (54) and acetone. An avidin-biotin complex technique was used. CD4 ϩ T lymphocytes were identified by using rat MAb anti-L3T4 (59, 60) . Lymphocytes of the CD8 ϩ phenotype were identified by using rat anti-Lyt-2 MAb (32, 45) . B cells were identified by using rat anti-CD45R/B220 MAb (10, 21) . These reagents were obtained from PharMingen. Rat anti-F4/80 antibody was used to identify macrophages (Serotec, Ltd., Kidlington, Oxford, United Kingdom) (2, 16) . The secondary antibody was a biotinylated rabbit anti-rat Ig (DAKO Corporation, Carpinteria, Calif.). For negative controls, primary antibodies were replaced with equivalent concentrations of normal rat Ig (Sigma). All specimens were stained in duplicate. To avoid false-negative staining, a spleen section from a normal mouse was placed and stained on every slide as a positive control. Brown staining of cells was regarded as positive immune reactivity.
Lymphocyte isolation from the brain. To evaluate the i.c. immune response, the lymphocytes in the brain of wt B6 virus-or mock-infected mice were phenotyped using FACS analysis. After in situ perfusion with PBS (see above), half of the brain was put into ice-cold MEM-10% FCS with 25 mM HEPES (pH 8). The samples were homogenized by gently pressing them through a 100-mesh tissue sieve and digested with 2 mg of collagenase type I (Gibco-Life Technologies, Grand Island, N.Y.) per ml in MEM-5% FCS for 30 min at 37°C with shaking. Homogenates (derived from single animals) were then centrifuged at 400 ϫ g for 10 min, and the pellets were resuspended in 2 ml of 90% Percoll (Sigma) in MEM. The suspension was transferred to a 15-ml test tube and then overlaid gently with 60, 40, and 10% Percoll in MEM. The gradients were centrifuged at 800 ϫ g for 45 min at 22°C. The lymphocytes were collected from the 40 to 60% interface and washed twice with MEM-5% FCS.
Fluorescence staining and flow cytometry analysis. Frozen brain tissue was cut into 6-m sections and immediately fixed in acetone and air dried. The slides were incubated with mouse anti-WNV MAb (2B2) (19) for 1 h at room temperature. After washing, sections were incubated with fluorescein isothiocyanateconjugated sheep anti-mouse IgG (Sigma) for 1 h. The slides were washed twice and counterstained with Harris hematoxylin (Sigma). Negative controls for staining were performed, with normal mouse IgG (Sigma) used as the primary antibodies. The sections were examined under a Zeiss Axiophot fluorescence microscope.
Dual-color analysis was performed to assess the phenotype of splenocytes and the freshly isolated inflammatory cells from brains of B6 virus-or mock-infected mice. Expression of cell surface markers on splenocytes was determined by staining cells with antibodies specific for CD3 (clone 145-2C11, PharMingen), CD4 (GK1.5, PharMingen), CD8 (53-6.7, PharMingen), CD45R/B220 (RA3-6B2, PharMingen), F4/80 (CI:A3-1, Serotec, Inc., Raleigh, N.C.), NK1.1 (PK136, PharMingen), CD25 (PC61-5.3, Caltag Laboratories, Burlingame, Calif.), and CD69 (H1.2F3, PharMingen). The brain-derived lymphocytes were incubated with anti-CD4, -CD8, -CD25, and -CD69 MAbs.
Single-cell suspensions of splenocytes were obtained by gently pressing the organ through a fine steel mash after weighing the spleen. Erythrocytes were lysed with lysing buffer (150 mM ammonium chloride, 10 mM potassium carbonate, 0.1 mM Na 4 
RESULTS
Effect of WNV dose on disease progression in 6-week-old B6 mice. To determine the dose of WNV required for CNS involvement to occur, mice were infected with a dose range of 1 to 10 8 PFU of WNV i.v. Surviving mice were positive in serological tests, indicating active infection at all doses. The cumulative mortalities and the MSTs of groups of mice infected with various doses are shown in Table 1 . Using a dosage of 10 8 PFU caused 100% mortality, with an MST of 5.6 Ϯ 0.7 days. Mortality was first observed at 5 days p.i., and all mice had died by 7 days. Using a dosage of 10 7 PFU also resulted in 100% death. However, only 3 mice out of 10 died, with an MST similar to that observed with a dose of 10 8 PFU; the others died after 10 days, with an MST similar to that observed with a dose range of 10 2 to 10 6 PFU. No dose response was observed within this dose range. The mortality rates of these groups ranged from 27 to 40% (no significant difference between each group), with an MST of about 11 days. Moribund mice showed clinical signs of wasting, hunching, ruffling of fur, and finally hind-limb paralysis, suggesting that viral encephalitis was the cause of death. At doses of 10 PFU or lower, no death occurred (Table 1) . No sex differences in mortality and MST were found (data not shown).
Statistical analysis of the MST (Student's t test) and percent mortality ( 2 test) between groups infected with different doses found no significant difference between the 10 2 and 10 6 PFU virus doses. Significant differences in the MST (P Ͻ 0.0001) and mortality (P Ͻ 0.0001) were observed when comparing groups infected with 10 8 and 10 2 to 10 6 PFU. These dose response data are similar to observations made with the related Murray Valley encephalitis virus (33) and indicate that two different mechanisms are involved in mortality caused by encephalitic flavivirus infections. When a low dose (10 3 PFU) of WNV is inoculated by the i.c. route, death occurs at day 5 to 7 p.i., with 100% mortality and clinical symptoms comparable to those following high-dose (10 8 PFU) peripheral infection (data not shown). Thus, i.v. inoculation with a high dose of WNV appears to lead to rapid and direct infection of the CNS. Death following lower-dose peripheral infections is delayed by 6 to 7 days compared to that caused by high-dose i.v. or an i.c. injection; this observation suggests that replication in extraneural tissue is required. Doses of 10 8 and 10 3 PFU/mouse were chosen as the typical high and low doses, respectively, for further study.
WNV-induced disease and virus replication. Mice, when infected i.v. with 10 8 PFU of WNV, became sick rather suddenly 4 days after infection, and they died in the following 3 days. A group infected i.v. with 10 3 PFU/mouse (low dose) showed a characteristic progression of disease signs. After 6 or 7 days p.i., some of the mice showed slight ruffling of the fur and hunching of the back. Hind-limb weakness progressing to paralysis appeared in the subsequent couple of days, accompanied by marked ataxia. Moribund mice developed clearly recognizable paralysis of tails and hind limbs, with severe hunching and wasting.
The kinetics of viral replication in the brains and peripheral organs of mice inoculated with high or low doses were determined at 1-or 2-day intervals (Table 2 and 3 ). In the high-dose group (Table 2) , WNV could be detected in brains from 24 h p.i. and virus load increased until days 4 to 5, reaching peak titers of 10 8 to 10 9 PFU/g; the titers then declined until the animals died. Virus could be isolated from thymus, spleen, lymph node, and liver. Virus titers in these organs decreased steadily and were undetectable after 3 to 5 days. Virus titers in brains of 10 3 PFU-infected mice are shown in Table 3 . Virus was first detected in brain cells on day 7 p.i., in two mice out of six, and the titer increased until the hosts died. In other mice, no virus could be detected in brains over the length of the experimental period of up to 12 days. Virus in hypogastric lymph nodes and spleens was detectable at days 4 and 5 p.i. in some animals but not in others. No virus was found in these tissues from day 7 onward. No virus was detectable in other extraneural tissues, and no demonstrable viremia was observed in any mouse throughout the experiment.
Histopathology. Brains from infected animals were prepared as described in Materials and Methods and examined for pathological changes. The cerebral cortices of mice in the high-dose group showed some vascular congestion by day 4 p.i. Scattered small perivascular foci and perivascular leukocyte infiltration were noted at 4 to 6 days p.i. Parenchymal edema, glial proliferation, and neurodegeneration were also present, but vascular degeneration of myelin and inflammatory cell infiltration within the brain parenchyma were less than that present in low-dose-infected mice (see below), even when mice were moribund (data not shown). In contrast, the cerebral cortices of animals infected with 10 3 PFU of WNV showed inflammatory changes with leukocytic infiltration that involved both the brain parenchyma and the leptomeninges. Representative histological changes in brains of control and low-doseinfected mice are shown in Fig. 1 . Prominent perivascular edema and vascular engorgement could be observed on day 7 p.i., accompanied by polymorphonuclear and mononuclear leukocytic margination and perivascular accumulation (Fig.  1B) . Perivascular foci of infection and leukocyte infiltration were found on day 9 p.i. (Fig. 1C) . In addition, the cerebral ventricles were dilated, and scattered inflammatory cells were present. Leukocyte infiltration was more prominent, and meningeal involvement increased in the following 2 to 3 days. Scattered individual neurons showed characteristic cytoplasmic rarefaction on day 9. The cytoplasm of these neurons appeared as round, empty spaces with the condensed nucleus at the center due to cytoplasmic condensation and nuclear compaction ( Fig. 1C and D) . Neuronal degeneration and necrosis were particularly prominent in the perivascular areas where marked leukocytic infiltration was present.
Brain inflammation in WNV infection. IHC studies of uninfected brains showed small numbers of resident macrophages within brain parenchyma; lymphocytes were not detectable. CD8
ϩ T-cell and B-cell margination and perivascular accumulation, as well as inflammation of leptomeninges, were observed in moribund mice infected with 10 8 PFU of WNV (data not shown), but infiltration of these cells into the brain parenchyma was far less than that of moribund mice of the low-dose (10 3 PFU) group. Mice in the low-dose group, with clinical signs and detectable virus in the brain, showed inflammatory cell infiltration from day 7 p.i., and the number of inflammatory cells increased steadily in the brains of sick and moribund mice over time. Most of the infiltrated cells were CD8 ϩ T cells (Fig. 2 ) and macrophages. Only small numbers of B cells were found, predominantly in perivascular spaces. Virtually no CD4 ϩ cells could be detected at any time point throughout the experiments in the CNS of WNV-infected mice that had been given either a high or low dose of virus.
Inflammatory cells were isolated from brains of infected mice by density gradient centrifugation. Virtually no lymphocytes were found in the brains of uninfected mice. Although rarely detected by IHC, we found that there was recruitment of 1.1 ϫ 10
Units for values and abbreviations are as described in Table 2 , footnote a.
CD8
ϩ T cells from day 4 onward in the brains of mice infected with a high dose of WNV (Fig. 3A) . The number of CD8 ϩ T cells in brains of two or three out of groups of five mice given a low dose of WNV significantly increased from day 7, to more than 30-fold by day 12 (Fig. 3C) , a result that is compatible with our IHC observations. No change due to WNV infection in the number of CD4 ϩ cells was found ( Fig. 3B and D) . Phenotypic analysis of splenocytes from WNV-infected mice. To evaluate the systemic immune response after WNV infection, the composition of leukocyte populations in the spleen was enumerated by FACS phenotyping. No significant difference was observed in weight and total cell number of spleens from uninfected and high-and low-dose WNV-infected mice over the entire experimental period of 6 and 12 days, respectively (data not shown). The mean percentage of T cells (CD3 ϩ ) (ϳ40%) did not significantly differ as a result of WNV infection from the mean value of uninfected mice. Similarly, the percentages of B cells (CD45R/B220 ϩ ) and NK cells (NK1.1 ϩ ) in the spleens of either 10 8 PFU-or 10 3 PFU WNVinfected or uninfected mice were not significantly different (data not shown). The percentages of macrophages in the spleen significantly increased to a peak at day 5 p.i. in both high-and low-dose groups compared with those in uninfected mice (17.9% Ϯ 4.7% and 14.4% Ϯ 2.0% versus 11.8% Ϯ 3.7%; P Ͻ 0.01 and P Ͻ 0.05, respectively). WNV infection caused significant changes in the ratio of CD8 ϩ to CD4 ϩ T cells in the spleens, due to the increase in the number of CD8 ϩ T cells, in both high-and low-dose groups, with a simultaneous decrease in CD4 ϩ T cells (Fig. 4) .
Activation state of CD8
؉ T cells in spleen and brain after WNV infection. The expansion of the peripheral CD8 ϩ T-cell pool in the spleen as a consequence of WNV infection and subsequent infiltration into the CNS suggests an important role of this immune cell subpopulation in the control of WNV and possible immunopathological consequences. To further investigate the activation state of the CD8 ϩ T-cell population within splenocyte and brain infiltrates following WNV infections, we studied the expression of markers that are usually associated with an activated phenotype (40, 62) . CD8 ϩ T cells from mice infected with 10 3 PFU of WNV were analyzed by flow cytometry for expression of the early activation marker CD69, which is expressed rapidly after lymphocyte activation (62) , and the ␣-chain of the interleukin 2 receptor (CD25), which is expressed on activated T and B lymphocytes (40) . Control mice were injected with the same volume of diluted, uninfected C6/36 cell culture supernatant, mimicking the composition of the viral inoculum. Cells were stained with anti-CD8 and either anti-CD69 or anti-CD25 MAb. Double-positive cells (CD8 ϩ -CD69 ϩ or CD8 ϩ -CD25 ϩ ) were enumerated relative to the total number of CD8 ϩ cells (Table 4 ). The number of CD8 ϩ -CD69 ϩ T cells in the spleen, as well as the expression level of CD69, increased at 1 and 2 days p.i. No significant changes were found at later time points. The percentage of CD8 ϩ -CD69 ϩ cells in brain infiltrates decreased from a peak of 30% at 1 day p.i. to 6% (P Ͻ 0.001) on day 3, and the level decreased further to Ͻ1% by day 9. The number of CD8 ϩ T cells in the brains of uninfected animals was too small to allow us to evaluate their activation state. WNV infection resulted in a significant increase of the percentage of CD8 ϩ T cells expressing CD25 from day 4 onward in the spleen and day 5 among brain infiltrates (Table 4) .
Mortality due to WNV infection of CD8 ؉ T-cell-deficient (␤2-m
؊/؊ ) mice. ␤2-m-deficient mice are phenotypically CD8 ϩ T cell deficient due to the lack of the MHC class I CD8 ϩ T-cell-selecting molecules (63) . The ␤2-m Ϫ/Ϫ mice were infected i.v. with either 10 8 or 10 3 PFU of WNV (Table 5 ). In the 10 8 PFU group, 20% of the ␤2-m Ϫ/Ϫ mice survived for more than 6 weeks. This contrasts with the 100% mortality rate for the B6 wt mice. In addition, the 80% of ␤2-m Ϫ/Ϫ mice which died showed a significant increase in survival time (MST, 9.7 Ϯ 2.9 days, P Ͻ 0.001) relative to the MST of wt animals of 5.6 Ϯ 0.7 days (Table 1 ). In the low-dose group, i.e., ␤2-m Ϫ/Ϫ mice infected with 10 3 PFU of virus, the absence of CD8 ϩ T cells led to an increase in the mortality rate (80.0%) when compared with wt mice (26.7%, Table 1 ). However, these mice showed a significant (P ϭ 0.0012) increase in MST, from 10.5 Ϯ 0.8 B6 mice (Table 1) mice were infected with either 10 8 or 10 3 PFU of WNV, and viral titers were estimated in blood, brain, liver and spleen (Table 6 and 7) . With a dosage of 10 8 PFU of WNV, we detected virus in the blood of only two animals with low titers. From brain cells, virus was isolated after 1 day p.i., increased, and reached plateau levels by day 5 to 6, similar to that seen in B6 mice. Unlike wt mice, ␤2-m Ϫ/Ϫ mice survived up to 16 days p.i. (Table 5 ) and with high viral loads (Table 6 ). In ␤2-m Ϫ/Ϫ mice, in contrast to B6 wt mice, no virus was detectable in liver and spleen over the first 4 days p.i. At later time points (between days 5 and 10 p.i.), low titers were found in some, but not all, ␤2-m Ϫ/Ϫ mice. With a low dose of WNV, no virus was found in the blood. Virus was detectable in the brain 3 days earlier than in B6 mice and reached substantially higher titers ( Table 7 ). The peak of WNV replication in ␤2-m Ϫ/Ϫ mice occurred earlier than in wt mice (days 7 and 11 p.i., respectively), and as a cohort, the mice survived longer with a high concentration (ϳ10 9 PFU/g tissue) of virus in the brain. In the liver and the spleen, virus was isolated from one or both organs of some of the animals between days 4 and 7 p.i.
To investigate virus location and spread within the CNS, brains from ␤2-m Ϫ/Ϫ mice were investigated for the presence of WNV by immunofluorescence staining after infection with 10 3 PFU of WNV. Virus was found widespread in the cortex, and single neurons were shown to be infected. Compared to B6 (Fig. 5) ; this finding is consistent with the increased virus concentrations in the brains of these mice. Histological examinations showed greatly reduced mononuclear cell infiltration in ␤2-m Ϫ/Ϫ compared to wt mice. In the high-dose group, vascular congestion and parenchymal edema was found in the brains of moribund animals early after infection, with mild perivascular cuffs and leukocyte infiltration. Neurodegeneration and vascular degeneration of myelin were present, but pyknosis and necrosis of neurons was not markedly increased in ␤2-m after low-dose WNV infection suggested that CD8 ϩ T cells are critical in recovery from the disease. To confirm this supposition, we compared ␤2-m Ϫ/Ϫ mice and B6 mice with CD8 ϩ cell depletion in our low-dose WNV infection model. After in vivo
CD8
ϩ cell depletion, mice were increasingly susceptible to WNV encephalitis. Seven out of 10 mice died after a low dose of WNV inoculation (Table 8 ). The MST in this group was significantly prolonged when compared to that of B6 mice but was comparable to that of ␤2-m Ϫ/Ϫ mice. The virus titers in the brains of moribund mice at each time point was also comparable to that observed in ␤2-m Ϫ/Ϫ mice. No virus was detectable in serum, liver, and spleen in moribund mice at any time point.
DISCUSSION
Many strains of WNV are neuroinvasive and can induce fatal encephalitis in mice and humans (18, 52, 58) . In the present study, we investigated the mouse-virulent Sarafend strain of WNV as a model of WNV-induced encephalitis.
The dose response of B6 mice to an intravenous infection with WNV revealed an unusual pattern. At very low doses, i.e., 1 to 10 PFU of WNV, no clinical signs of disease or mortality were observed; however, all animals seroconverted. This result provides evidence that the PFU counting method underestimates infectious dose by at least 1 log. At a high dose of infection (10 8 PFU), 100% of the animals died within a period 
a Values represent MST Ϯ standard deviation of mice which died up to 21 days after infection.
b Statistically significant (P Ͻ 0.05) compared to B6 mice (see Materials and Methods for details). Units for values are as described in Table 2 , footnote a. The limit of detection was 10 2 PFU/ml for serum or 10 3 PFU/g for tissue. Mice were randomly selected from a pool of experimental mice early after infection. Units for values are as described in Table 2 , footnote a. The limit of detection is 10 2 PFU/ml for serum or 10 3 PFU/g for tissue. Mice were randomly selected from a pool of experimental mice early after infection. PFU, a range which was fatal for approximately 30% of mice regardless of dose, with an MST of about 11 days. At a dose of 10 7 PFU, 100% mortality occurred just as with 10 8 PFU; however, two cohorts based on MST could be identified: one resembling the high-dose (10 8 PFU) group for which the MST was 6 days, and the other resembling the low-dose (10 2 to 10 6 PFU) group, for which the MST was 11 days. The lack of a dose response over a 4-log difference in virus inoculum is puzzling and difficult to explain, especially the invariance of the MST over this dose range. It is noteworthy that a similar dose response pattern was observed with a closely related encephalitic flavivirus, Murray Valley encephalitis (33).
The two distinctly different MSTs observed in mice given either a high or low viral dose i.v. suggest that different pathological processes are involved. In the high-dose group, virus could be recovered from brain cells less than 24 h after infection and was present in liver and lymphoid organs in most animals in the early stage. This result suggests that breach of the blood brain barrier occurred without the necessity of prior viral replication in the periphery. This finding contrasts with a low dose (10 3 PFU) of infection, which resembles a dose range more akin to natural infections via an arthropod vector. In this group, virus could first be isolated from brain tissue at 7 days p.i., and transient detection of virus in lymphoid tissue occurred at 4 to 5 days p.i. This may suggest that viral replication in extraneural tissue prior to virus spread into the CNS is required. However, the low virus concentrations found in the selected tissues we analyzed suggest that the primary site for peripheral virus replication has yet to be identified. Virus could not be isolated from blood in any of the immunocompetent animals at any time point p.i. This finding is consistent with our understanding that primarily birds, but not mice or humans, are part of the natural replication cycle of encephalitic flaviviruses (53) . Only birds, but not mice or humans, develop a viremia which enables bloodsucking arthropods to become infected and thereby continue the life cycle.
Our histological examinations confirm and extend our data on mortality, morbidity, and virus titers. In the high-dose group, comparatively mild leptomeningeal inflammation and rare parenchymal infiltration by inflammatory cells were ob- served. Death was most likely due to direct neuronal apoptosis as a result of viral replication in neuronal tissue, which has been previously documented to occur with flaviviruses (12, 20, 42) . In addition, the early onset of mortality in the high-dose group is uncharacteristic, given the involvement of T-cell-mediated immunopathology. On the other hand, mice in the lowdose group developed encephalitis associated with inflammatory cell infiltration. Marked levels of infiltrates were observed in meningeal vessels at times when virus was found in brain and within the CNS parenchyma 1 to 2 days later. The quantity of infiltrates steadily increased, with CD8 ϩ T cells being the predominant lymphocyte subpopulation. The inflammatory cells were distributed in perivascular regions and in neuron-degenerated regions of the brain parenchyma. Paralysis and death occurred in the final stage due to the structural damage of CNS tissue.
The lack of CD4 ϩ and predominance of CD8 ϩ T cells in CNS infiltrates has been observed previously in flavivirus infections (34) and in other viral infections of the CNS, such as lymphocytic choriomeningitis virus infection (8) , but no satisfactory explanation has been advanced so far which is able to explain the prevalence of one type of T effector cells over the other. B6 mice are genetically fully competent to respond to WNV antigens, with a vigorous CD4 ϩ T-cell response in the periphery (30) . For two reasons, it also seems improbable that the lack of ligand for CD4 ϩ T cells (MHC class II) is responsible for this CD8 ϩ T-cell predominance, as has been proposed by Liu et al. (34) . First, flavivirus infection upregulates class I but also class II MHC (35, 36) on cells of the CNS. Furthermore, predominant CD4 ϩ T-cell infiltrates rather than CD8 ϩ T-cell infiltrates are observed in other encephalitic etiologies, such as experimental allergic encephalomyelitis (1, 27) . A slight but significant shift in the ratio of CD4 ϩ to CD8 ϩ T cells occurs in the periphery (spleen) when mice are infected with either the high or low doses of virus (Fig. 4) . The dynamics and reasons for these changes in the CD8 ϩ /CD4 ϩ ratio are unknown and may be the result of selective recruitment of CD8 ϩ T cells or their proliferation or of selective depletion of CD4 ϩ cells, possibly as a result of viral infection. We do not know if these rather small changes in ratio in the spleen are deterministic or if they influence the pattern observed in the CNS. The increase in the percentages of CD8 ϩ T cells expressing early (CD69) and late (CD25) cell activation markers in both periphery and CNS do strongly suggest that these cells are exerting effector functions. This is dramatically highlighted by the use of CD8 ϩ T-cell-deficient ␤2-m Ϫ/Ϫ mice exhibiting the differing pattern of mortality and MST in response to high and low doses of WNV compared to that of wt B6 mice. In the former, mortality is decreased to 82%, and mice that succumbed had a significantly increased MST compared to that of B6. Furthermore, these ␤2-m Ϫ/Ϫ mice had high virus titers in brain cells after infection and throughout the experimental period. This provides clear evidence of an immunopathological process exerted by CD8 ϩ T cells being involved in wt mice after WNV infection. However, in the low-dose group, mortality was significantly increased (80 versus 27%), and virus could be isolated from ␤2-m Ϫ/Ϫ brains 3 days before it could be detected from B6 brains. This implies that CD8 ϩ T cells play an important role in recovery from low-dose WNV infections of mice.
␤2-m
Ϫ/Ϫ mice, besides exhibiting a CD8 ϩ T-cell deficiency, are primarily deficient in MHC class I antigen expression, which may potentially affect WNV replication and/or tissue tropism and neuroinvasion. To verify the results obtained from ␤2-m Ϫ/Ϫ mice, we generated B6 mice that were deficient in CD8 ϩ T cells by in vivo MAb treatments. Such mice exhibited a disease pattern identical to that obtained with ␤2-m Ϫ/Ϫ mice that had been given 10 3 PFU of WNV, namely increased mortality and increased MST. We are in the process of investigating whether these two outcomes, protection or immunopathology, are the result of one and the same or differing effector functions of CD8 ϩ T cells, i.e., cytokine release (gamma interferon) and/or cytolytic activity. It has been shown previously that these two effector functions are not necessarily triggered simultaneously in the same effector cells in flavivirus-immune CD8 ϩ T cells (51) . Identification of CD8 ϩ T cells differing in effector functions leading to recovery versus immunopathology would constitute a major advance and might potentially lead to therapeutic advances for treatment of this increasingly important emerging viral disease.
